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A B S T R A C T
The El Niño Southern Oscillation (ENSO) is a major source of interannual climate variability. ENSO life cycles
and the associated teleconnections evolve over multiple years at a global scale. This analysis is the first attempt
to characterize the structure of the risk posed by trans-Pacific ENSO teleconnections to crop production in the
greater Pacific Basin region.
In this analysis we identify the large-scale atmospheric dynamics of ENSO teleconnections that affect heat and
moisture stress during the growing seasons of maize, wheat and soy. We propose a coherent framework for
understanding how trans-Pacific ENSO teleconnections pose a correlated risk to crop yields in major agricultural
belts of the Americas, Australia and China over the course of an ENSO life cycle by using observations and a
multi-model ensemble of climate anomalies during crop flowering seasons.
Trans-Pacific ENSO teleconnections are often (but not always) offsetting between major producing regions in
the Americas and those in northern China or Australia. El Niños tend to create good maize and soybean growing
conditions in the US and southeast South America, but poor growing conditions in northern China, southern
Mexico and the Cerrado in Brazil. The opposite is true during La Niña. Wheat growing conditions in southeast
South America generally have the opposite sign of those in Australia. Furthermore, multi-year La Niñas can force
multi-year growing season anomalies in Argentina and Australia.
Most ENSO teleconnections relevant for crop flowering seasons are the result of a single trans-Pacific cir-
culation anomaly that develops in boreal summer and persists through the following spring. During the late
summer and early fall of a developing ENSO event, the tropical Pacific forces an atmospheric anomaly in the
northern midlatitudes that spans the Pacific from northern China to North America and in the southern mid-
latitudes from Australia to southeast South America. This anomaly directly links the soybean and maize growing
seasons of the US, Mexico and China and the wheat growing seasons of Argentina, southern Brazil and Australia.
The ENSO event peaks in boreal winter, when the atmospheric circulation anomalies intensify and affect maize
and soybeans in southeast South America. As the event decays, the ENSO-induced circulation anomalies persist
through the wheat flowering seasons in China and the US.
1. Introduction
In a global economy, food insecurity can be caused not only by local
crop failures, but also by crop failures in distant food-exporting regions
(Puma et al., 2015; Marchand et al., 2016). Crop failures in major
producing regions can increase food prices globally with greatest im-
pact on import dependent trade partners (d’Amour et al., 2016). Un-
derstanding the food security of any nation, region, or the world,
therefore, requires that we understand production variability globally
and how this impacts food availability via the global food trade system.
Of particular interest is the co-variability of major food producing re-
gions – do they tend to vary in-phase or out-of-phase generating
compounding or offsetting global-scale production variability?
Climate variability, although only one of many factors that de-
termines food security, is one process that can affect the crop yields of
geographically distant regions simultaneously or in sequence. The El
Niño Southern Oscillation (ENSO), as a major source of temperature
and precipitation variability, is among the most important modes of
climate variability for global food security (Trenberth et al., 1998;
Mason and Goddard, 2001). Spatially, both El Niño and La Niña have
distinct patterns of teleconnections to climate at a global scale
(Bjerknes, 1969; Trenberth et al., 1998; Alexander et al., 2002). From
an interannual perspective, ENSO exhibits a characteristic multi-year
life cycle of sea surface temperature (SST) and zonal wind anomalies
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(Rasmusson and Carpenter, 1982). Furthermore, the transition from an
El Niño state to a La Niña state tends to be phase locked to the seasonal
cycle (Wang and Picaut, 2004), and therefore intersects crop flowering
seasons in a predictable manner. By creating unfavorable growing
conditions in many regions simultaneously or in sequence (Anderson
et al., 2016), ENSO can pose a correlated risk to crop production in our
globalized agricultural economy (Anderson et al., 2017).
Recent studies have detailed the impacts of ENSO on crop yields
globally (Iizumi et al., 2014), but we lack a unified framework for
understanding the mechanisms behind how these yield anomalies relate
to one another. This is, in part, because the climate analyses of global
ENSO teleconnections often focus on the season when teleconnections
are strongest rather than the seasons when crops are most vulnerable to
climate anomalies. And while there are studies that analyze the dy-
namic processes by which ENSO affects crop yields, these tend to be
regional analyses that focus on one specific season. Fragmenting the
literature in this way makes it difficult to understand how ENSO-in-
duced crop yield anomalies relate to one-another.
For example, when considering major soybean producers we might
be interested in how ENSO-induced yield anomalies in the United States
relate to those in China and Southeast South America. Are they all part
of a single circulation pattern that spans the basin and persists
throughout the year or is each region affected by independent tele-
connections that develop locally at different times of the year? Do El
Niño or La Niña events (hereafter generalized as ENSO events) have the
same impacts on production in all regions or are losses in one region
and at one time compensated for by gains elsewhere and at other times?
Answering these questions is critical for understanding how closely
linked the yield anomalies are, but doing so requires considering both
spatial variations in the climate teleconnections and the timing of each
circulation anomaly in relation to major crop growing seasons.
In this analysis we will address two main questions: (1) How are
ENSO climate teleconnections during the growing seasons in the
Americas, China and Australia related to one another? and (2) Within a
single growing year, are ENSO-forced heat and moisture stress
anomalies generally compounding or offsetting across major producing
regions?
In the following sections we will first identify the trans-Pacific at-
mospheric teleconnections relevant during the growing seasons of
maize, wheat and soy. Next, we translate the climate variables into
measures that are relevant for agriculture (soil moisture and killing
degree days). We then use a multi-model ensemble to identify which
teleconnections from the observational analysis are most robust.
Through these analyses we construct a coherent framework, which we
summarize in the final section, for understanding how trans-Pacific
ENSO teleconnections affect crops over the course of an ENSO life cycle.
2. Methods and data
To analyze how life cycles of ENSO affect crop growing conditions
in the greater Pacific basin region, we (1) identify relevant ENSO years,
(2) define the climate sensitive months of the local growing season at
each location during those years, and (3) define metrics of heat and
moisture stress during those months to use in a composite analysis. To
analyze the global atmospheric dynamics that give rise to local growing
season teleconnections, we define a discreet number of seasons that
include the climate-sensitive portions of local growing seasons. We then
create composites of atmospheric variables during these seasons for
each year in the ENSO life cycle. Finally, we estimate how robust ob-
served teleconnections during local growing seasons are by using an
ensemble of SST-forced atmospheric models. In the following sections
we describe the methods and data used in each of these analyses.
2.1. Defining ENSO life cycles
The first step in our analysis is to construct ENSO life cycles. To do
so, we identify years in which the October-November-December SST
anomaly in the Niño 3.4 region as measured by the Oceanic Niño Index1
exceeded 0.5 standard deviations, which corresponds to an absolute
departure of just under 0.5 °C. These ENSO `event years’ are listed in
grey above panels 1 and 2 of Fig. 1. Each life cycle consists of three
years: an `event year' as well as one year preceding and one year fol-
lowing the event. Years were not allowed to be double counted as an
`event year' in one life cycle and as a following or preceding year in
another life cycle. Because SST anomalies in the Niño 3.4 region tend to
develop and decay in boreal spring (Rasmusson and Carpenter, 1982; or
see Fig. 1), we use a May-April ‘ENSO year’.
2.2. Identifying climate sensitive portions of the growing season
How crop yields respond to an abiotic stress depends on the stage of
development at which the stress is applied. Many crops are relatively
insensitive to stresses applied during the vegetative stages of develop-
ment but respond strongly to stress applied around the time of flow-
ering, which determines the number of grains that develop per planted
area (Siebers et al., 2017; Barnabás et al., 2008). We use the global crop
calendar of Sacks et al. (2010) to estimate crop harvest dates by loca-
tion and consider the three months prior to harvest as the season
around flowering. We use the primary harvest dates from the Sacks
et al. (2010) data where multiple harvest dates are available for maize.
For wheat, we use winter wheat harvest dates in all countries except
Australia and Canada, where we use spring wheat harvests. While both
the US and China grow a spring wheat crop, we choose to focus our
analysis on the larger winter wheat crop. These data constraints prevent
our analysis from addressing nuances within individual countries, such
as teleconnections to regions growing alternate season wheat. Our re-
sults instead focus only on the primary growing season of each crop in
each country. We furthermore use the static harvest dates of Sacks et al.
(2010), although in practice planting and harvest dates will be variable
and may depend on the growing conditions for that year. The dataset is
largely interpolation in some regions, such as northeast Brazil and parts
of China (see Sacks et al., 2010 for details), which may bias our results
in these areas. Although the crop calendars in Sacks et al. (2010) are
subnational, we include a simplified country-level approximation of the
crop calendars in the bottom three panels of Fig. 1 for comparison to the
ENSO life cycles in the top two panels.
To mask out minor and non-producing regions, we only plot tele-
connections for locations in which the harvested area of a given crop
corresponded to at least 0.1% of the total area for that pixel according
to the Monfreda et al. (2008) dataset of global harvested areas. While
the Monfreda et al. (2008) dataset represents harvested areas around
the year 2000, actual harvested areas may have changed over time in
some regions (most notably in Brazil).
2.3. Calculating crop-relevant variables
Even when climate teleconnections exist during crop flowering
seasons, they do not always translate to yield anomalies. Crop yields
respond not to variations in precipitation directly but rather to soil
moisture anomalies. We use 0–1m soil moisture estimates from the
Noah Land surface model version 3.3 in the Global Land Data
Assimilation System version 2 (Rodell and Kato Beaudoing, 2015),
which is available from 1948 to 2010, to calculate the average soil
moisture anomaly during the flowering season. We average the flow-
ering season soil moisture over the years identified in Fig. 1 to estimate
ENSO teleconnections for each year in the life cycle.
In terms of temperature, crop yields benefit from increases in
growing season temperature up to a biophysical threshold, at which
1 Data available from https://catalog.data.gov/dataset/climate-prediction-
center-cpcoceanic-nino-index.
W. Anderson et al. Agricultural and Forest Meteorology 262 (2018) 298–309
299
point increases in temperature damage the reproductive organs of the
plant and cause declines in yields (Schlenker and Roberts, 2009). To
isolate the impact of harmful increases in maximum temperature
around flowering, we follow the methods of Schlenker and Roberts
(2009) and Tai et al. (2014; Supplementary Information) by using cri-
tical temperature thresholds T( )c for wheat, maize and soybean as 26 °C,
29 °C and 30 °C, respectively. Temperature thresholds are chosen to
identify detrimental, not necessarily lethal, temperatures. During the
three months around flowering, the number of `killing degree days'
(KDD) were then calculated using the Berkeley Earth daily maximum
2m temperature data of Rohde et al. (2013a, 2013b) as follows:
∑= −
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whereTmax i, is the maximum temperature on the ith day of the flowering
period (that lasts n days). As with soil moisture, this calculation is
performed for all years from 1948 to 2010 and composites are created
by averaging across all ENSO years.
2.4. Creating seasonal composites of atmospheric teleconnections
To understand whether ENSO poses a correlated risk to agriculture
in the Americas, China and Australia, it is necessary to analyze the
evolution of large-scale atmospheric circulations over the course of
ENSO life cycles. Using the same ENSO years identified in Fig. 1, we
create seasonal composites of ENSO teleconnections by averaging
across all months in a season and across all ENSO events. We use
ERSSTv3b (Smith et al., 2008) for data on SST anomalies. For geopo-
tential height, vertical ascent and wind anomalies at 700 hPa, we use
the NCEP-NCAR Reanalysis I for the years 1948–2010 (Kalnay et al.,
1996). We choose to show the 700 hPa pressure level as it is relevant for
large-scale moisture transport. Atmospheric wind anomalies, which
were analyzed but not shown, may be inferred from geopotential height
anomalies assuming geostrophy: low pressure anomalies are associated
with cyclonic flow (counter-clockwise in the northern hemisphere,
clockwise in the southern hemisphere) while high-pressure anomalies
are associated with anti-cyclonic flow.
We analyze the large-scale atmospheric dynamics of ENSO tele-
connections using three seasons: the early season (March, April, May,
June; MAMJ), mid-season (July, August, September, October; JASO),
and late season (November, December, January, February; NDJF).
These seasons were chosen to overlap with crop flowering seasons, as
depicted by rectangles in the bottom panels of Fig. 1. As we later de-
monstrate in section 3.2, the early season is broadly relevant for the
winter wheat growing season in China, Canada and the United States.
The mid-season is an imperfect compromise between northern hemi-
sphere maize and soybean flowering seasons and southern hemisphere
wheat flowering seasons. Teleconnections in the late season affect
southern hemisphere maize and soybean flowering seasons.
2.5. Evaluating teleconnections using AMIP models
To evaluate which growing season teleconnections from the ob-
servational analysis are most robust, we use a multi-model ensemble
from the CMIP5 Atmospheric Model Intercomparison Project (AMIP), in
which atmospheric general circulation models are forced with observed
SST and sea-ice boundary conditions (Taylor et al., 2012). From the
CMIP5 archive we select only those models that have at least 5 en-
semble members (CSIRO-Mk3-6-0, CCSM4, GFDL-CM3 and IPSL-CM5A-
LR have 10, 5, 5, and 5 ensemble members, respectively). Compared to
the single realization available in the historical record, the AMIP en-
semble provides us with 25. Since the weather in each model simulation
is uncorrelated with that in each other, averaging across the ensemble
isolates the SST-forced component common to all. Comparison to the
AMIP ensemble, therefore, allows us to evaluate whether the anomalies
in the observed record are truly SST-forced or an artefact of random
climate “noise” that has not averaged to zero in the composites due to
the limited length of the historical record. We calculate the multi-model
mean by first averaging over the ensembles of each model then aver-
aging over all models. We use the same flowering seasons as before to
calculate the mean of the 2m daily maximum temperature and seasonal
precipitation anomalies, but (due to limited data availability) are
Fig. 1. Three year El Niño (top panel) and La Niña (second
panel) composites of the Oceanic NiñoIndex, which is calcu-
lated as the three month running mean of sea surface tem-
peratures inthe Niño 3.4 region. Ensemble mean shown in
bold. Ensemble event years (EN 0 or LN 0)in grey above each
panel. Rows three, four and five are a simplified representa-
tion of harvestmonths (brown) and the three months around
flowering (gold) based on Sacks et al. (2010).Black boxes in-
dicate seasons used in the atmospheric analysis.
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unable to calculate soil moisture or killing degree days for the AMIP
models. Using a multi-model ensemble and ensemble averaging allows
a more robust estimation of SST-forced variability than is possible in the
observational record, but it is subject to model bias.
To further isolate the climate anomalies forced by the tropical
Pacific, rather than the global SST-forcing used in the AMIP models, we
use runs from a single atmospheric general circulation model (CCM3)
forced with observed SST anomalies in the tropical Pacific and clima-
tological SSTs elsewhere (see the appendix for further details; Seager
et al., 2005). This analysis confirms the dominance of the tropical Pa-
cific in forcing the observed climate anomalies.
3. Results
3.1. The timing of ENSO Life cycles and crop growing seasons
Following the growth of SST anomalies during an El Niño year
(hereafter referred to as EN0) in boreal summer, SSTs tend to peak
during late boreal fall, at which point they either decay back to neutral
(an EN+1 year) or the Bjerknes feedback is established in the opposite
sense and the system enters a La Niña state (an LN0 year; Rasmusson
and Carpenter, 1982; see Fig. 1). La Niñas tend to persist for more than
one year as the SST anomalies in the system slowly return to neutral
over the course of two years (Okumura and Deser, 2010; DiNezio and
Deser, 2014).
Southern hemisphere maize and soybean crops flower during the
months of maximum ENSO SST anomalies, while northern hemisphere
crops tend to flower during the development or decay stages (Fig. 1). In
the southern hemisphere, wheat flowering occurs just prior to the peak
of SST anomalies. In the northern hemisphere, although the flowering
season occurs during near-neutral SST anomalies, there is evidence that
these seasons may be affected by lagged teleconnections from the
previous winter, when SST forcing is at its strongest (Mauget and
Upchurch, 1999; Anderson et al., 2016; Wang et al., 2000, 2001a,
2001b; Weng et al., 2007)
3.2. The atmospheric dynamics of ENSO life cycles
During an ENSO life cycle, tropical Pacific SST anomalies can affect
the atmosphere directly or they can force SST anomalies in the Indian
and West-Pacific Basins, which then affect the atmospheric circulation a
season later. In the following sections we will walk through, season-by-
season, the development of SST anomalies and their impact on the at-
mospheric circulation during an ENSO life cycle. For reasons that will
become clear, we begin our analysis with the JASO season.
3.2.1. Mid-season (JASO) atmospheric teleconnections
Teleconnections at the beginning (July and August) of the mid-
season are relevant for northern hemisphere soybean and maize flow-
ering seasons (Fig. 1). During a developing El Niño (EN0 / LN-1), a
cyclonic anomaly stretches across the north Pacific from Northeast
China to the United States (see Figs. 2 and 3). On the western flank of
the cyclonic anomaly equatorward flow over east China is associated
with anomalous descent, which we may expect to inhibit convection
and lead to dry conditions. This is consistent with a balance between
vortex compression (anomalous descent) and advection of planetary
vorticity (i.e. Sverdrup balance). The eastern flank of the cyclonic
anomaly is associated with poleward wind anomalies and anomalous
ascent (vortex stretching). Given a moisture source we would expect
this ascent to lead to positive precipitation anomalies, although it is not
clear that the anomalous ascent extends into the major maize producing
region of the US. During La Niña (LN0), a trans-Pacific wave-train
places ridges over the United States, the North Pacific and Eastern
China. The ridge over the US is intensified at higher levels (not shown)
and coincides with major maize and soy growing regions. The high
pressure center off the east coast of China leads to poleward flow over
central China and therefore anomalous ascent. A second ridge over far-
north China leads to equatorward motion and descent. We will show
later that, similar to the North Pacific cyclonic anomaly in EN0, these
anticyclonic anomalies are directly forced by tropical Pacific SST
anomalies.
The second half of the mid-season (September and October) is re-
levant for wheat in the southern hemisphere, notably southeast South
America and Australia. As in the Northern Hemisphere, a single cy-
clonic anomaly stretches across the South Pacific during a developing El
Niño. The eastern and western edges of the circulation roughly coincide
with the continents (EN0 in Fig. 2; LN-1 in Fig. 3). The western flank
(over Australia) coincides with equatorward motion, descent and
anomalously dry conditions. This is consistent with Chiew et al. (1998).
The eastern edge of the circulation, along with an anticyclonic circu-
lation that develops at higher levels over southeast South America,
induce poleward flow, anomalous ascent and therefore positive pre-
cipitation anomalies over east Argentina (Grimm et al., 2000; Cazes-
Boezio et al., 2003; Anderson et al., 2016). During La Niña (LN0) these
circulations essentially reverse, although the trough over the south
Pacific shifts west such that the cyclonic circulation over southeast
South America (and associated precipitation anomalies) also shift
southwest relative to EN0.
3.2.2. Late season (NDJF) atmospheric teleconnections
The late season, which coincides with maximum SST anomalies, is
relevant for southern hemisphere maize and soybean flowering seasons
in southeast South America. During El Niño (EN0) events, a Gill-
Matsuno-type response to tropical heating anomalies is visible in the
tropics (Gill, 1980; Matsuno, 1996), which we discuss further in the
next section. The mid-latitude wave-train radiating out from the tropics
establishes a ridge over subtropical South America, which induces
poleward motion and anomalous ascent over subtropical South
America, but contributes to equatorward motion and anomalous des-
cent over north-east Brazil (Grimm et al., 2000; Grimm, 2003; Cazes-
Boezio et al., 2003; Zhou and Lau, 2001; Grimm et al., 1998). The ridge
over southeast South America during El Niño and trough during La Niña
are more clearly visible at 200 hPa (see Appendix Fig. A1). These at-
mospheric motions set up a dipole in precipitation such that southeast
South America is wet while northeast Brazil is dry. During La Niña
events (LN 0 in Fig. 3) the circulation is generally opposite that of El
Niño (EN0, LN-1) although, as in the mid-season, the circulation
anomaly over southeast South America is shifted southwest during LN0.
During second-year La Niñas (LN+1) the circulation over southeast
South America is similar to that in LN0, but weaker.
SST anomalies during the late season affect not only the atmosphere
but also remote ocean basins. During an El Niño event, subsidence over
the Indian Ocean reduces cloud cover and increases absorbed solar
radiation, which increases SSTs in the region. This basin-wide warming
of the Indian Ocean persists into the following seasons and continues to
influence the atmosphere months after SSTs have peaked in the eastern
Pacific (Klein et al., 1999; Xie et al., 2009; Wu et al., 2010).
3.2.3. Early season (MAMJ) atmospheric teleconnections
The early season coincides with either (1) the nascent stages of
developing warm SST anomalies or (2) a transition between warm and
cold SST anomalies (see Fig. 1). In the absence of a strong tropical
Pacific SST forcing, major aspects of the atmospheric circulation re-
present the persistence of a response to ENSO SST anomalies from the
previous season. For example, the ridge off the east coast of China in the
La Niña following an El Niño (see LN0 in Fig. 3) first develops in the
late-season of the previous year (NDJF LN-1 in Fig. 3) as a remote re-
sponse to central Pacific SST anomalies but is sustained by a combi-
nation of local SST anomalies in the west Pacific (Wang et al., 2001a,
2000) and Indian Ocean SST anomalies (Xie et al., 2009; Wu et al.,
2010). The anticyclonic circulation around this ridge is associated with
poleward, rising air over east China that increases precipitation.
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Previous studies have found that following an ENSO event, the Indian
Ocean can affect the atmospheric circulation over both Australia and
China (Taschetto et al., 2011; Annamalai et al., 2005; Yang et al., 2010,
2007)
The extratropical atmospheric anomalies in the northeastern Pacific
appear to have persisted from the tropical SST-forced anomalies of the
previous season (NDJF; see Figs. 2 and 3). In the year following an El
Niño (EN+1, LN0) a cyclonic anomaly, which was established strongly
in NDJF of the previous year, extends over the North Pacific and the
United States. In the year following a La Niña (LN+1, Fig. 3), the
pattern is reversed.
3.2.4. The dynamics of ENSO teleconnections in atmospheric models
To confirm that the spatial extent and seasonal evolution of ob-
served atmospheric anomalies are, in fact, the result of tropical Pacific
SST anomalies, we use a series of model simulations that force an
atmospheric general circulation model with SST anomalies from the
tropical Pacific during EN0 and LN0 (Appendix Fig. 1) events. The
ENSO-forced atmospheric anomalies take the form of a tropical Mat-
suno-Gill-type response that develops in the late summer and persists
through to the following spring. The tropical response drives global
teleconnections that affect the climate on continents in all four corners
of the Pacific basin. During the late summer and early fall of a devel-
oping El Niño or La Niña, the tropical Pacific forces an atmospheric
anomaly in the northern midlatitudes that spans the Pacific from
northern China to North America and in the southern midlatitudes from
Australia to southeast South America. This teleconnection directly links
the soybean and maize growing seasons of the US, Mexico and China. It
also connects the wheat growing seasons of Argentina, southern Brazil
and Australia. The ENSO event peaks in boreal winter, when the at-
mospheric circulation anomalies intensify and affect maize and soy-
beans in southeast South America. As the event decays, the ENSO-
Fig. 2. Three year El Niño life-cycle of SST anomalies in ◦C (colors over the ocean), 700 hPa anomalous ascent in Pascals per second (colors over the land) and
geopotential height at 700 hPa (contours every 2.5 hPa) in the top three panels.
Fig. 3. Three year La Niña life-cycle of SST anomalies in ◦C (colors over the ocean), 700 hPa anomalous ascent in Pascals per second (colors over the land) and
geopotential height at 700 hPa (contours every 2.5 hPa) in the top three panels.
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induced circulation anomalies persist through the wheat flowering
seasons in China and the US. These modeling results confirm the
dominance of the tropical Pacific Ocean forcing of the trans-Pacific
teleconnections.
3.3. Life cycles of ENSO teleconnections during local flowering seasons
3.3.1. Maize and soybean growing season teleconnections
El Niños and La Niñas impose a fairly robust structure of tele-
connections across hemispheres during maize and soybean flowering
seasons such that northern China, southern Mexico and northeast Brazil
have anomalies of one sign while the United States and Argentina ex-
perience anomalies of the opposite sign. Figs. 4 and 5 show how the
teleconnections influence KDD and soil moisture. During an El Niño
(EN0 and LN-1) year the maize/soybean flowering seasons in northern
China, northeast Brazil and southern Mexico are hot and dry, while the
flowering seasons in Argentina are temperate and wet (see Figs. 4 and
5). Conditions in the US are mixed. During LN0 these anomalies re-
verse: high maximum temperatures over much of the Americas and dry
soils in the United States lead to poor growing conditions, while in
northern China and southern Mexico moderate temperatures and high
soil moisture is favorable for crop development. Although the LN0
maximum temperature and soil moisture anomalies in the United States
are more prominent than may have been inferred from the mid-season
atmospheric teleconnections, they are likely stable as evidenced by the
relation between ENSO and maize yields found in long data records
(Handler, 1984; Phillips et al., 1999).
Teleconnections during second year La Niñas (LN+1) bear little
resemblance to LN0 teleconnections. This is unsurprising for the
northern hemisphere, where the mid-season geopotential height
anomalies are different between LN0 and LN+1 (see Fig. 3) but is less
intuitive for maize and soybeans in southeast South America, where the
late-season atmospheric anomalies in LN+1 are similar to, although
weaker than, those in LN0.
The AMIP multi-model mean supports the observational analysis in
that maize flowering seasons in northern China, southern Mexico and
northeast Brazil tend to vary together and in the opposite sense of the
United States and southeast South America (Figs. 6 and 7). During El
Niño years (EN0, LN-1) northern China, southern Mexico and northeast
Brazil are all hot and dry, while the United States and southeast South
America are cool and wet. During first and second year La Niñas (LN0,
LN+1) this pattern of moisture and temperature anomalies reverse
with the exception of maximum temperature anomalies in China and
Brazil during LN0 (Fig. 7. The anomalies during LN-1/EN0 events and
their reversal in LN0 is clear, and implies robust teleconnections. The
results from the AMIP experiments agree well with the observational
evidence during EN0 and LN0 (compare Figs. 6 and 7 with Figs. 4 and
5). The AMIP teleconnections during LN+1, however, are generally
not present in the observational record and so should be interpreted
with caution. Disagreement could be caused by the observational
Fig. 4. El Niño life-cycle teleconnections during flowering seasons in observations: killing degreedays (in ◦days) and soil moisture in the top meter of soil (kg per
square meter). Croppedareas without at least 2/3 of ENSO events agreeing on the sign of the teleconnection are shaded.
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results for LN+1 not being only ocean-forced, or by model error in
simulating genuine teleconnections during LN+1.
3.3.2. Wheat growing season teleconnections
The structure of risks imposed by ENSO during wheat flowering
seasons is more complicated than that for maize/soybeans both because
the dynamics are more complex (e.g. lagged teleconnections become
important) and because the response of yields to increased precipitation
is less straightforward (e.g. disease is a potential problem in South
America; Cunha et al. (2001)). During EN0/LN-1 years, maximum
temperatures are above average in southern China, the United States,
southern Brazil and Australia (see Figs. 4 and 5). These temperature
anomalies are accompanied by dry anomalies in Australia, but wet
anomalies in parts of Argentina. During LN0 damaging heat is only
present in the northern Great Plains of Canada and the United States.
Because the northern hemisphere wheat flowering season im-
mediately follows peak SST anomalies during ENSO events (see Fig. 1),
lagged teleconnections play a significant role in determining moisture
anomalies in China and the United States. During boreal spring in the
United States, Mauget and Upchurch (1999) and Anderson et al. (2016)
demonstrate that soil moisture anomalies in the southern Great Plains
during the wheat flowering season are significantly influenced by
ENSO-induced precipitation anomalies in the previous season. Com-
bined with same-season teleconnections, this forces wet soil moisture
anomalies in the year following an El Niño (EN+1 in Fig. 4, LN0 in
Fig. 5). Lagged teleconnections, however, can also be maintained by
SST anomalies. In agreement with Wang et al., (2000), we find that
during boreal winter of an El Niño year an anticyclonic circulation
forms off the east coast of China in the lower troposphere and persists
into the spring of the following year due to air-sea interactions (Fig. 2),
which maintains poleward flow and increases precipitation over
southeast China (LN0 in Fig. 5).
The AMIP multi-model mean clearly demonstrates the zonal asym-
metry of the teleconnections in the southern hemisphere present in
observations: hot and dry conditions in Australia coincide with wet,
cool conditions in Argentina (Figs. 6 and 7). Furthermore, Australia is
wet during both LN0 and LN+1 in both observations and the AMIP
models, while Argentina is dry and hot.
In the northern hemisphere the AMIP models agree with observa-
tions in some places but disagree in others. In the observations, the
Great Plains of the United States in the year following an El Niño
(EN+1, LN0) are cool, while the year following a La Niña (LN+1) is
dry and hot. The extreme heat in the northern Great Plains during LN0,
however, is absent in the AMIP runs. In China during an El Niño (EN0)
the AMIP models indicate uniformly hot conditions, while the ob-
servations are mixed (Fig. 7). The AMIP models also disagree with
observations during LN+1.
4. Discussion
We can now return to the first of the questions we asked in our
introduction: how are ENSO teleconnections during climate-sensitive
Fig. 5. La Niña life-cycle teleconnections during flowering seasons in observations: killing degreedays (in ◦days) and soil moisture in the top meter of soil (kg per
square meter). Croppedareas without at least 2/3 of ENSO events agreeing on the sign of the teleconnection are shaded.
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portions of growing seasons in the Americas, China and Australia re-
lated to one another? Trans-Pacific ENSO teleconnections evolve over
multiple years at a basin-wide spatial scale and affect growing seasons
on continents in all four corners of the Pacific (Figs. 2 and 3). The
majority of these teleconnections are part of a single circulation
anomaly (see Appendix Fig. A1), which develops in late summer and
persists through to the early spring. This means that most ENSO-in-
duced yield anomalies are closely and coherently related to one-an-
other. These trans-Pacific teleconnections are illustrated schematically
in Figs. 8 and 9 for El Niño and La Niña life cycles, respectively.
During the late summer and early fall of a developing El Niño event,
there are teleconnections to growing seasons on all four continents
around the Pacific Basin (the Americas, Asia and Australia; Fig. 8). As
the El Niño event intensifies in boreal winter, it affects flowering sea-
sons in southeast South America and forces SST anomalies in the Indo-
West Pacific. In the spring and summer following an El Niño event,
these SST anomalies in the Indo-West Pacific influence the climate of
southern China and Australia while teleconnections from the tropical
Pacific affect flowering seasons in northern China and the United States.
La Niñas often develop immediately after El Niños (although this is
not always the case) and have teleconnections that are roughly opposite
to those of El Niño. The life cycle of La Niña teleconnections, therefore,
begins in LN-1 with the teleconnections of El Niño, which then reverse
sign during La Niña (LN0). Negative SST anomalies tend to persist for
two years, such that some La Niña teleconnections – particularly in the
southern hemisphere – persist for two years as well (see Fig. 9).
As most trans-Pacific ENSO teleconnections are coherent, we turn to
our next question: within a single growing year, are ENSO tele-
connections in major producing regions generally compounding or
offsetting? For maize and soybeans, we find that growing conditions are
generally of the same sign in major producing regions of the Americas
(i.e. southeast South America and the US) but are opposite to those in
northern China (Figs. 4–7). For example, El Niño events tend to create
good maize and soybean growing conditions in the US and southeast
South America, but poor maize growing conditions in northern China,
southern Mexico and northeast Brazil (see Figs. 4 and 6). The opposite
is true during La Niña (Figs. 5 and 7). ENSO teleconnections that affect
wheat growing seasons are more complex, including same-season tel-
econnections to Australia and Argentina, and lagged teleconnections to
China and the United States. ENSO teleconnections to wheat growing
conditions in Australia and Argentina tend to have opposite signs (al-
though sometimes this may produce same-sign yield anomalies due to
high moisture and frequent disease problems in Argentina). Northern
hemisphere teleconnections to southern China are opposite to those in
the US during the spring following an ENSO event. Trans-Pacific ENSO
teleconnections, therefore, analogous to the climate anomalies them-
selves, are often (but not always) offsetting in terms of yield impact
between the Americas and China or Australia.
Fig. 6. AMIP multi-model mean of teleconnections during El Niño life-cycles during floweringseasons: maximum temperature (in ◦C; top panel), seasonal pre-
cipitation (in mm; second panel.
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5. Conclusions
The characteristic multi-year, basin-wide evolution of trans-Pacific
ENSO teleconnections poses a series of interrelated risks to our food
production system. We find that most ENSO teleconnections relevant
for crop flowering seasons are the result of a single tropical-extra-
tropical circulation anomaly pattern that develops in late boreal
summer and persists through the early spring. This circulation anomaly
affects the climate on continents in all four corners of the Pacific basin.
During the late summer and early fall of a developing ENSO event, the
tropical Pacific forces an atmospheric response in the northern mid-
latitudes that spans the Pacific from northern China to North America
and in the southern midlatitudes from Australia to southeast South
America. This teleconnection directly links the soybean and maize
growing seasons of the US, Mexico and China. It also connects the
wheat growing seasons of Argentina, southern Brazil and Australia. The
ENSO event peaks in boreal winter, when the atmospheric circulation
anomalies intensify and affect maize and soybeans in southeast South
America. As the event decays, the ENSO-induced circulation anomalies
persist through the wheat flowering seasons in China and the US.
From the perspective of global food security, it is fortunate that
during the maize and soybean growing season ENSO anomalies in
major food-producing regions in the Americas are often balanced by
opposite-signed anomalies in northern China or Australia. Maize and
soybean growing conditions in the US and Argentina, for example, may
be balanced by those in northern China and northeastern Brazil. And
although wheat growing conditions are less straightforward, dry (wet)
conditions during flowering months in Australia seem to be balanced by
wet (dry) conditions in southeast South America.
The timing and spatial structure of ENSO teleconnections can be
leveraged to improve monitoring of food security and management of
food stocks. For example, because La Niñas develop following El Niños,
the good harvests of soybeans associated with El Niño years in the
Americas (Anderson et al., 2017) could be used to mitigate poorer
harvests that often accompany subsequent La Niña years. Our analysis
represents a first small step towards improving food security by iden-
tifying structural risks imposed on agriculture by trans-Pacific ENSO
teleconnections. Future work will relate the climate anomalies studied
here to yield anomalies to determine life cycles of trans-Pacific ENSO-
induced food production variability.
Fig. 7. AMIP multi-model mean of teleconnections during La Niña life-cycles during floweringseasons: maximum temperature (in ◦C; top panel), seasonal pre-
cipitation (in mm; second panel).
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Fig. 8. Schematic of life-cycles of El Niño teleconnections. Black arrows indicate robust teleconnections to crop flowering seasons. Grey arrows indicate weak
teleconnections. Dottedarrows indicate no teleconnection. Ocean colors indicate the intensity of either cold SST anomalies (blue) or warm SST anomalies (red). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
Fig. 9. Schematic of life-cycles of La Niña teleconnections. Black arrows indicate robust teleconnections to crop flowering seasons. Grey arrows indicate weak
teleconnections. Dottedarrows indicate no teleconnection. Ocean colors indicate the intensity of either cold SST anomalies (blue) or warm SST anomalies (red).
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Appendix A
Troical Pacific atmospheric teleconnections
To isolate teleconnections forced by the tropical Pacific SSTs, we make use of a set of AMIP-style runs form 1948–2007 that force an atmospheric
general circulation model (CCM3) with observed SST anomalies in the tropical Pacific and climatological SSTs elsewhere (Seager et al., 2005). This
set of analyses allows us to explicitly identify the atmospheric teleconnections associated with forcing only in the tropical Pacific. Appendix Fig. A1
shows the seasonal evolution of atmospheric teleconnections for 200 hPa (El Niño - La Niña). Spatially, the tropical Pacific-only teleconnections span
the Pacific Basin and connect all four hemispheres. Temporally, the teleconnections develop in JASO, peak in NDJF and persist into MAMJ.
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